INTRODUCTION
Technical applications of knitted fabrics are increasing day by day. Some technical functions of knitted fabrics depend on the geometry of the employed structure as well as on potential changes in its shape under applied loads. In relation to this, Hepworth [1] , MacRory et al [2, 3] , Popper [4] , Shanahan and Postle [5] , Hong et al [6] have worked on load-extension properties of plain knitted fabrics in course-wise direction. Hepworth [1] , MacRory et al [2, 3] , Popper [4] , Shanahan and Postle [7] , Hong et al [6] , moreover, have worked on load-extension properties of plain knitted fabrics in wale-wise direction. Most of the aforementioned research, however, applied the non-inflexional elastica theory in modelling the extension of the loop head curve. The lack of those models was that discontinuities occurred between the loop head curve and the rest of the loop curves, hence the models did not completely match the experimental results. Moreover, frictional resistances were not properly considered in those early models. Later on, further research on the geometrical and mechanical properties of technical glass plain knitted fabrics in their dry relaxed [8, 9] and loaded [10, 11] conditions was conducted by Kurbak. Those works [8, 9] pointed out that the dry relaxed technical slack plain knitted fabrics kept their stable shapes by the effect of frictional restrains. When the loop heads were assumed to be circular in shape, the reaction force between the loops could be calculated as ( 1 ) where R is the reaction force. B is the bending rigidity, is the radius of the curvature at point B in Figure 1 , and can be written. The parameter , in turn, is the radius of the circular loop head curve and is the course-spacing at relaxed state. The other geometrical parameters , and η are, respectively, the leaning angles of the loop head in the third dimension and the leaning angles of the loop arms in course-wise direction at relaxed state, where the general forms of these angles, and η, are shown in Figure 1 . The parameter is the major diameter of the imaginary cylinders at relaxed state, which are illustrated in Figure  1 .
In further work, Kurbak [10,11] investigated the load-extension and load-contraction properties of plain knitted glass technical fabrics experimentally and theoretically. The results showed that there were three stages of extensions or contractions namely a) the extension or contraction of the fabric (the first stage), b) the extension or contraction of the yarn along with the shape changes of the samples (the second stage), c) the extension or contraction of the fibres (the third stage). Kurbak then conducted a theoretical work to explain the first stage of extensions or contractions further and obtained the following equations:
When the fabrics were loaded in the wale-wise direction, the relation between the extension rate and the load and also between the contraction rate and were given by ( 2 )
When the fabrics were loaded in the course-wise direction, the relation between the extension rate and the load and also between the contraction rate and were given by 
where is the extension rate in the wale-wise loaded samples. is the contraction rate in the course-wise direction under load applied in the wale-wise direction.
is the extension rate in the course-wise loaded samples.
is the contraction rate in the wale-wise direction under load applied in the course-wise direction. Where and are the wale-spacing and course-spacing of fully relaxed fabric (global minimum without friction). , , and are the frictional forces in Equations (2 -5) which are applied in dry relaxed state. , , and are the differences between the dry relaxed fabric parameters (c, w) and fully relaxed fabric parameters ( , ). The indices in Equations (2 -5) are used as such that c and w are used for the load application directions, 1 and 2 are used for extension and contraction respectively.
The diameter of the 136 tex glass yarn 0.354 was found. The coefficient of the friction between glass and glass was obtained as 0.24. The bending rigidity 2.87 was used. For Poisson's ratio 1 2 ⁄ was found for plain knitted fabrics.
61.159 and , 51.331 were taken for the course-wise loaded samples and 63.031 and , 54.71 were found for the wale-wise loaded samples. Further parameters are given in Table 1 .
It should be noted here that was the loop head leaning angle at relaxed fabric state. This angle changed with applying load. The geometrical model of the plain knit fabric was also drawn at the last point of the first stage of the load-extension curve. This point was the fifth point of the dead weights applied. The drawn geometrical model gave a leaning angle value. The average of and was then taken as , value. The values given in Table 1 were calculated theoretically through the geometrical and physical parameters at the relaxed state.
In obtaining Equations (3 and 4): (a) The loop head curves were modelled by using the equation of the extension of a circular ring (see Kurbak [10] ) therefore no discontinuities occurred between the loop head curve and the rest of the loop curves during the extension. (b) It was shown that when the experimental quadratic curve fitting equations ( 6 ) were written in the form of ( 7 ) the values were the frictional restrains or/and inter fabric jamming forces. Therefore the equations were written in the form of Where is the total load applied in a direction (wale-wise or course-wise), is the sample length (h) for extension, or the minimum fabric width (b min ) for contraction.
In the present work, building on Kurbak's [8-11] works that are described above, the first stages of load-extension and/or load contraction properties of some complex weft knitted structures are studied experimentally. The aim here is to investigate whether empirical equations based on the Equations (2-4) can be found for such complex knitted fabrics as well, based on the assumption that the values in Regression Equations (7) being frictional restrains and/or fabric jamming forces also applies for complex fabrics. The outcoming equations are expected to be useful for engineering software that are generally used for technical applications of textiles, such as composite reinforcements, stretch sensors, air permeabilities etc. These kinds of applications usually start from dry relaxed fabric conditions; therefore the study particularly focuses on this state. The work, furthermore, is primarily conducted for composite reinforcement applications, therefore high modulus yarns such as E-glass and para-aramid are chosen for the study. It should be noted here that due to some spiralities that occurred in the fabrics with Full Cardigan structure itself, the Full Cardigan Derivative structure that is given in Figure 2d was chosen for this work.
EXPERIMENTAL PROCEDURE
 Samples were knitted on a 7 gauge (7 needles per inch) V-bed hand-knitting machine. In order to study the effect of tightness, the samples were knitted at different cam settings of the machine, namely, three different cam settings for 1x1 Rib (R6, R8, and R10), and two different cam settings for Milano Rib (M8 and M10), Half Cardigan (Y8 and Y10) and Full Cardigan Derivative (S8 and S10).
 In summary, for the 136 tex E-glass and 168 tex aramid yarns that are used in this work, the estimated yarn diameters that are given in Equations (9) and (11) together with the estimated bending rigidities given in Equations (12) and (14) are used throughout the work.
 Two sets of samples were prepared for each structure, each chosen tightness points, and each yarn. One of the sets was prepared for wale-wise loadings and the other for loadings in the course-wise direction.
The samples were prepared in the following manner:
i) Wale-wise loading samples: The intention was to obtain a hxb=20x10 cm rectangle as the main measuring area of the samples. Therefore, the sample lengths (h) at dry relaxed fabric condition were chosen in order to fulfil the minimum of 20 cm main sample length plus additional fabric parts above and below the main sample to be used in fixing the jaws of any measurement tester.
Because of the differences in structure and tightness, it was challenging to adjust the sample widths (b) to exact 10 cm in their dry relaxed states. Therefore, a constant knitting zone composed of 35 needles from each bed (from the back and front beds) was set. The sample widths (b), accordingly, were obtained as 10 cm in average.
Because of the high bending rigidities of aramid and glass technical yarns, fabric samples unravel easily. To prevent the unravelling, ten rows of cotton borders were knitted at the beginning and end of each sample. Some examples of E-glass and aramid wale-wise load-extension measuring samples can be seen in Figure 3a . The average sample widths (b), which are obtained by measuring the samples in dry relaxed state at their minimum places ,is given in Table 2 . A total of five wale-wise loading samples were knitted for each case.
ii) Course-wise loading samples: Again, the abovementioned 20 10 main sample area was intended for the coursewise loading samples as well. In this case, a knitting zone constitutes the sample lengths (h) of the course-wise loading samples. Therefore a constant knitting zone of 110 needles on each bed (front and back) was set. Through this setting, it was possible to obtain the minimum sample length of 20 cm as well as the additional fabric parts at the lower and upper sides necessary for fixing the samples in the jaws of any measuring tester. Again, it was challenging to keep the sample widths (b) at exactly 10 cm. Based on the initial tests that were conducted, sufficient numbers of rows of fabric were knitted as the widths (b) of the course-wise loading samples and the intended average sample widths (b) around 10 cm was achieved.
A total of 5 samples per case were knitted to measure the coursewise extension of the fabrics. The averages of the 5 sample widths (b), which were measured at their dry relaxed conditions, are given in Table 2 .
To prevent unraveling, 10 rows of cotton borders were knitted at the beginning and at the end of each sample. It was assumed that these cotton borders had neglectable minimal effect on the loadextension measurements.
Some examples of course-wise loading samples are given in Figure 3b . After two weeks of dry relaxation on a smooth surface, courses per cm (cpc) and wales per cm (wpc) were counted with a twoinch square magnifying glass at three different places of the walewise loaded samples. The same was done for the course-wise loaded samples. Then, the average value was obtained and divided by 2x2.54 as (cpc) and (wpc).
In the half cardigan structure, the number of courses on the front side is twice the number of courses on the backside. Thus, in this work, the number of courses on the backside was taken into consideration. To obtain the number of courses on the front side, the number of courses obtained here should be multiplied by two.
ii) Loop length (l):
After two weeks of dry relaxation on a smooth surface, areas in the size of 10 5 were pointed out at three different regions of each sample and these areas were cut out. From each piece, 5 rows were separated and their course lengths (L) were measured by hanging 10 g weights below them. With 10 g weight, the curled yarns were observed to be straightened. The average of 3 parts x 5 rows= 15 course lengths (L) was divided by the average number of loops (at the back and in the front sides) in a row in order to obtain the loop length (l).
Dönmez and Kurbak [16]
and also Kurbak and Alpyıldız [17], 2009b showed that the yarn length of a tuck stitch was slightly bigger than the stitch length (l) of a normal loop. In the present work, however, if a row is constructed as a combination of tuck stitches and normal stitches, the yarn length of tuck stitches and the yarn length of normal stitches are assumed to be equal. Thus, the average loop length (l) was found by dividing the average course length (L) by the total number of normal stitches plus tuck stitches in a particular row.
If a structure unit, like the Half Cardigan, has rib rows and rows that contain tuck stitches, the stitch lengths of the two types of rows were given separately.
If a structure unit, like the Milano Rib, is a combination of rib rows and plain knit rows, their stitch lengths were, again, given separately.
The obtained dimensional properties of dry relaxed samples are given in Table 3a for E-glass samples and in Table 3b for Aramid samples. It should be remembered that the inverse of (cpc) and the inverse of (wpc) in Tables 3a and 3b  Methods of load-extension and load-contraction measurements:
The load-extension and load-contraction properties of the samples were measured by a special apparatus (Elmalı [18]) seen in Figure  4 , since standard methods would not have allowed exploring the load-contraction behaviours of the fabrics in question.
Since technical yarns are too brittle and often break when being fixed in the jaws of load-extension measurement testers, a special friction system was designed to be used at the upper and lower ends of the samples in order to prevent yarn breakages. Loadextension and load-contraction behaviours of the samples were measured by hanging dead weights at the lower friction system given in Figure 4 . The dead weights were gradually increased and, at each load level, the length (h) and the width ( ) at the mid points of the samples were measured with a ruler. According to the initial plan that was set for this study, the first experiments were in fact devoted to measure all three extension and contraction stages (the first, second, and third stage). Therefore, initially, 12 constant dead weights were arranged as given in Table 4 . During the initial experiments, it was observed that some extension in the fabric parts placed in the inner side of the special friction system shown in Figure 4 inevitably occurred at about the eighth load level. Therefore, despite the original plan, it was later decided that, while continuing to measure all stages of the loadextension and load-contraction curves with 12 constant dead weights, the present work would be devoted only to the first stage of extensions or contractions. The rest of the measurements were solely used for a) predicting the exact load point at which the first stage of extension ended b) figuring out whether all three stages of extensions or contractions can be distinguished in complex structures as in plain knitted structure previously given by As a result, load-extension and load contraction curves of all relevant cases were drawn to scale for all 12 dead weights as given in Table 4 .
It was observed that:
i) All three stages of extensions and contractions were distinguishable in complex structures as they were in plain knitted fabrics as formerly proven by Kurbak [11] . Some examples of the obtained load extension and load-contraction curves are given in Figures 6a and 6b .
ii) The end point of the first stage is determined to be the 5 th load level given in Table 4 for all the cases in question in this study.
iii) Due to the use of a special friction system, no slippages of fabrics occurred in the friction system for the first stages of extensions and contractions.
iv) Since the aim of the present work is focused on the exploration of the first stages of load-extension and loadcontraction properties of the cases in question, hereafter, only the first 5 load levels given in Table 4 will be used. 
EXPERIMENTAL RESULTS
Experimentally obtained h and values with changing load level T are given at tables in APPENDIX A together with example drawings of load-extension and load-contruction curves for each table.
Regression analyses are applied to all cases in question and given in the form of Equation (6). The constants of Regression Equations (6) are given in Table 5 , together with their correlation coefficients R 2 :
As seen in Table 5 , the correlation coefficients are very high; therefore, Regression Equations (6) can be used.
For comparison purposes, Regression Equations (6) and their constants given in Table 5 are written in terms of unit structure parameters as follows:
For the wale-wise loaded samples (17) is defined, where b (wpc) is the average number of loops on a face of sample width (b). For the case (i) of contraction equations of the wale-wise loaded samples, the equation (18) is used, whereas for the case (ii) of extension equations of the wale-wise loaded samples (see Figure 5 ), the equation (19) is used.
It should be noted here that the variable is the total load applied on a sample, the variable is the measured length or width of a sample under loading condition. the parameter b and h are the sample width and length respectively at dry relaxed fabric conditions. cpc and wpc are the course per cm and wales per cm of the samples at dry relaxed conditions. , and values are the calculated wale-wise applied load, minimum wale-spacing (see Figure 5 ) and average course-spacing of a loop under walewise loading conditions.
If the general regression equation is
for the contraction equations of the wale-wise loaded samples It should be noted here that the and parameteres are given in mm, therefore and constants in Equations Here, it should be noted that the m values in Equations (28-31) are assumed to be as frictional restrains and/or fabric jamming forces as were the y 0 values given in Equation (8).
Assuming that the side edges of loaded samples constitute parabolic curves (see Figure 5a ) for the first stages of extensions, Kurbak [11] found the following equations to obtain and in places of and in Equations (28 and 30), thus 
These changes of variables are also applied to all of the related Regressions Equations (6) through Table 5, by equalizing the w  and c values obtained from Tables 3a and 3b through ( 4 2 ) is taken for the same Equations (36) fabrics can either be in root 1 condition or in root 2 condition, which are also given in Table 6 . If the m parameter is negative, there is no root for T is equal to zero. Therefore, for those cases, 0 (zero) are placed in Table 10 . If a regression equation is linear, there is no m value and thus there is only one root. For these cases '-' (dash) are put in places of m and root in Table 6 . All these situations are explained further in the next section.
Since it is not useful in practice to have too many equations and also to be able to cover the intermediate tightnesses, some empirical equations are obtained in the next section.
It is seen from Table 6 that the m values are small enough to be considered as frictional restrains and/or fabric jamming forces. Therefore, considering Equation (8) and assuming values in Equation (8) or the m values in Table 6 as frictional restrains and/or fabric jamming forces is reasonable. 
SUGGESTIONS OF SOME EMPIRICAL EQUATIONS, POISSON'S RATIOS AND CALCULATIONS OF EXTENSION RATES
During the obtaining of empirical equations, the following points were considered. 5 1 ) is taken.
On the other hand, there is no such knowledge for wale-wise extensions or contractions, but the function f for Equations (45) and (46) should depend on because the length ( ) extends at two ends of a curved part of a loop. Therefore, for f function of Equations (45) and (46), the form ( 5 2 ) is taken.
The f functions given in Equations (51) 
The form of Equations (57) 6 1 ) is obtained. Since the bending rigidity, B, of aramid is high as given in Equation (14), the inclination angles of parabolic curves between T and are very high; thus, the arms of the parabolic curves obtained for this yarn are extended along which are near the vertical line as given in Figure 7 . Because of these higher inclination angles of parabolic curves, the values of and becomes too close to each other, and, thus, in Equations (61) becomes as It is thought that this must be one of the reasons for obtaining linear regression equations for aramid fabrics. One more reason for obtaining linear regression equations for aramid fabrics will be given later in this section.
As a result of the above discussion, the following forms of empirical equations are used for linear equations of aramid fabrics:
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It should be noted here that Empirical Equations in APPENDIX B include one more parameter called 'a'. This parameter is included to equalize two different Poisson's ratios in one structure. The parameter, a, is put wherever it is necessary in the equations.
To be able to apply Equations in APPENDIX B, the parameter, m, in the equations should also be estimated and discussed further as given below:
i) if the parameter, m, is negative
If the parameter, m, in an equation is negative and when the external load T is set to zero, the square root in the equation becomes irrational. It is thought that these kind of structures are jammed structures, and some of the external loads are spent to overcome these jamming forces. The amounts of inner fabric forces are equal to m; therefore the equation ( 6 8 ) should be valid where is the external load to overcome the inner fabric force.
In this situation, an equation in the form
has no root when is equal to zero as seen in Figure 8 .
It is not difficult to conclude that, if an extension equation has a minus m value, the load-extension curve would follow the route which is given in Figure 9a . Again, if a contraction equation has minus m value, it should take the route as given in Figure 9b . For these kind of structures, when a load-extension or a loadcontraction equation is given in the form as
practically obtained or values should be equal to and values in Equation (70). The rate of extensions or contractions can be given for the negative m case in the form as
The cases AIai  (R6, R8), AIaii  (R6), AIbii  (R6), AIIai  (M8, M10), AIIaii  (M8, M10), AIIbii  (M8, M10), AIVai  (S10), AIVaii  (S10) in E-glass fabrics have these kinds of loadextension or load contraction curves (see Figure 10a ). The diameter of the aramid yarn was 0.5236 while the diameter of the E-glass yarn was 0.354 . Therefore, the aramid fabric samples obtained here were tighter than the E-glass samples. Since the jamming forces occur in tight fabrics, most of the load-extension or load-contraction curves of the aramid fabric samples would have minus m values if they could be written in parabolic form. It is thought that this is the other reason to obtain linear regression equations in load-extension or load-contraction curves of the aramid fabrics in addition to the reason given earlier in this section. It can be understood that, although the linear regression equations are applied, some of the aramid loadextension or load-contraction curves for the first stage are actually combinations of two different regions, one of which is the region and the other is the parabolic region, as seen in Figure 10b : when T is equal to zero. These roots (for the 2 ⁄ and relationship, for example) is shown in Figure 11 . For further explanation, regression equations to obtain these roots for a fabric sample are written in the form as a) wale-wise loaded samples
It should be noted here that the minus signs in Equations (73-76) stand for root 1 while plus signs stand for root 2 where As analysed in the work of Kurbak [11] the main reason for obtaining the two roots is because of friction resistances which are applied in the dry relaxed fabrics. In the actual situation, the fabric in a dry relaxed state can either be in root 1 ( or ) condition or in root 2 ( or ) condition.
As a result of the above discussion, to be able to use Empirical Equations in APPENDIX B, and values should be known. These values, in turn, can be obtained by using Equations (73-76). The unknown parameters m in Equations (73-76) should be estimated first for obtaining and values for the intermediate tightness points along with which root should be taken as the starting point of extension or contraction (root 1 or root 2).
The parameters, m, are estimated and the pattern of the starting root of each curve for E-glass fabric samples were searched assuming that this present pattern is repeatable. and thus the same pattern could be obtained in future works. This work is given as in the following:
 The tightness, , for each case is calculated first using Table  3a and Equation (9). During these calculations, the plain knit row of the unit cell of Milano Rib, the rib row of the unit cell of Half Cardigan and the rib row of the unit cell of Full Cardigan Derivative Structure are used.
 The parameters, m, given in Table 6 and are drawn in the graphical forms as seen in Figures 12a and 12b It should be added that the glass milano rib structure samples have mostly negative m values. The reason may be the tighter plain knit rows of the unit cell of the milano rib. The rib row and the plain knit rows of the unit cell of the milano rib have been knitted in the same cam setting which is against the experience that the normal tightness of plain knit requires a higher cam setting than the normal cam settings of the 1x1 Rib.
 The relaxed fabrics which are being in root 1 or root 2, is mostly effective on the extension rates and the contraction rates. Since the rate of extension and the rate of contraction are preferred in places of the extension and the contraction themselves in practice, calculations of the extension rate and contraction rate are explained briefly as follows: i) If the relaxed fabric state is in root 1, for example, for the contraction of the wale-wise loaded samples, the contraction rate would be as
If the relaxed fabric state is in root 1, for example, for the extension of the wale-wise loaded samples, the extension rate would be as 
The relations between 2 and and between 2 and would be as in Figures 16a and 16b, respectively. ii) If the relaxed fabric state is in root 2 condition, for the contraction of the same wale-wise loaded sample, the contraction rate would be as The relations between 2 and and between 2 and would be as in Figures 17a and 17b . Figures (16-17) are obtained for the course-wise loaded samples, as well.
Very similar equations as Equations (85-88) and very similar curves as in
It can be seen from the above discussion that the extension rates and/or the contraction rates are different according to the relaxed fabrics being in root 1 or root 2. Using the present experimental results, the equations of m values in terms of tightness ( ⁄ ) (assuming linear relations), the starting roots of the relaxed fabrics, and the contraction or the extension rates for glass fabrics are given in APPENDIX C.
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To complete the work, the calculated load-extension and loadcontraction rates are compared with the experimentally obtained load-extension and load-contraction rates in Figures 18-26 for all the structures, tightness, and types of yarns used in this work.
During obtaining the theoretical load-extension curves in Figures  18-26, the m, c0 , and w 0 values are taken from Table 6 . According to the roots given in Table 6 , similar equations as in Equation (71, 85-88) are calculated to obtain the extension or contraction rate values. As noted above, example calculations of extension and contraction rates are also given in APPENDIX C for the glass samples.
During obtaining the experimental extension or contraction rates, Tables in APPENDIX A are used as . ; (i = 1 to 5) (89)
It should be noted here that the contractions are measured in the middle of the samples as b min . In order to obtain b av. values, the side edges of the samples are assumed to be as in Figure 5a in this work, and similar equations as Equations (34-35) are used for obtaining b av. values. Therefore, a dividing factor 1.5 exists in Equation (89).
The load applied, T, are calculated by dividing the total loads given at the Tables in APPENDIX A by the average number of loops on a face of the cross-section of fabric that carries out the total loads as ( 9 1 ) ( 9 2 ) The applied loads and given in Equations (91-92) are used for obtaining the theoretical calculations of extension and contraction rates as well as for obtaining the experimental loadextension and load-contraction results.
It should be said further that b (wpc) and b (cpc) in Equations (91-92) are the average number of loops on one face of the samples. The chosen faces were explained during obtaining (wpc) and (cpc) parameters by using Equations (15-16) . These definitions of applied loads makes easier to obtain the carried load by a unit cross-sections of fabrics at any structures by having [g/cm] and [g/cm] and so on.
In some of the cases, and values given in Table 6 do not give the calculated extension and/or contraction rates correctly, so the drawn curves do not follow the experimental points. For these cases some suitable and/or values are calculated to fit the experimental points. These calculated new and/or values are given in Table 6 in brackets. They may be due to five experimental points which are less for obtaining the correct and/or values.
In some of the tight fabric cases, the calculated curves do not follow the experimental points. These discrepancies can be explained as follows; for example, for the glass 6 cam setting tight fabrics, the first point was put out of the regression equation. It was later seen that the second point in the 6 cam setting and the first point in the 8 cam setting of the1x1 rib glass fabric should also be put out of the regression equations as shown in Figure 10 . This kind of discrepancy is also the result of fewer experimental points since, if the second experimental point in the 6 cam setting of the glass fabrics were also left out of the regression equations, only three point would be left for a quadratic curve fitting.
In spite of some discrepancies mentioned above, it is seen that Empirical Equations in APPENDIX B can be used to estimate the extension and the contraction rates for a given load value for any kind of complex knitted structure at any tightness. 
RESULTS AND DISCUSSION
Results of the initial load-extension and load-contraction properties of complex weft knitted fabrics will be given in comparison with the same properties of plain knitted fabric which was given by Kurbak [11] such that: i) For the extension and contraction in fabric length direction of plain knitted glass fabric, linear regression equations with higher correlation coefficients could be applied while they were quadratic curve fittings for the fabric width directions. For the extension and the contraction in both directions for complex weft knitted glass fabrics, however, quadratic curve fittings could be applied with higher correlation coefficients. It may be because of the loop arms which are nearly two dimensional curves for plain knitted fabrics while they are three dimensional for complex weft knitted structures. These three kinds of quadratic load-extension curves could be calculated in this work by adding the dotted blue curves to the blue curves in Figures 26a, 260b and 26c , to make the curves as complete parabolas.
It is thought that if the parameter m in Equation (69a) or in Equation (69b) is negative, the situation in Figure 26a is obtained. In this situation, no root is obtained when the load is equal to zero. This can occur because there are jamming forces in tight fabrics, and the red dotted curve in Figure 26a along with the blue curve is the actual load-extension curve which can be measured by a measuring tester.
When the parameter m is positive, the two cases are obtained as in Figures 26b and 26c . It is thought that two roots exist for Equations (73-76), namely root 1 and root 2, and slack fabrics in a dry relaxed state can be in root 1 or root 2 conditions, according to their relaxation from loaded knitting conditions. Fabrics in these conditions can be in a friction induced equilibrium state. If a relaxed fabric is in root 2 condition and the extension load is applied, load-extension rate results are obtained as in Figure 26b . Again, if a fabric is in root 1 condition and the extension load is applied, load-extension rate results are obtained as in Figure  26c .The red dotted line given in Figure 26c along with the blue line is the actual load-extension curve which can be obtained by using a measuring tester.
The negative m case, the root 1 case, and the root 2 case obtained during the present experimental work are given in Figures 12-15 for glass samples. Calculations of extension and contraction rates are also given in Equations (71, 85-88). Apart from these, example calculations of extension and contraction rates in relation to the tightness of fabrics are given in APPENDIX C for glass samples.
When Kurbak's work [11] is examined, it can be seen that root 1 and root 2 conditions also exist in plain knitted glass fabrics.
iii) In complex knitted fabrics, the other curve fittings obtained are the linear regression equation which is given in Figure 26d . While linear regression equations were obtained for the wale-wise load-extension properties in plain knitted fabric because of the yarn arms of plain knitted fabrics which were nearly two dimensional, the linear regression equations obtained for three dimensional complex weft knitted fabrics are because of higher bending rigidities along with higher tightness. Linear regression equations are obtained in tight aramid fabrics. It is thought that these tight complex weft knitted fabrics with higher bending rigidities also have parabolic load-extension or load-contraction curves, but their extensions or contractions are too small to be approximated by linear curve fittings. In most of the cases, the calculated load-extension curves fit with the experimentally obtained results.
More research, however, must be conducted by having more load levels in the region during experiments at any tightness point and also to increase the tightness points to cover intermediate tightness. It is thought that with this future research, the parameters , , and m in Table 6 can be formulated in relation to the tightness, l/d, and, thus, the above procedure will become a complete method.
Finally, some suggestions can be made on some of the technical applications of knitted fabrics according to the present results.
 If the load and extension rate relationship is uncertain as in Figures 26b and 26c , it cannot be used for cyclic loading, for example, for "stretch sensor" applications (see ref.
[20]). Araujo et al. [21] suggested that if a fabric is extended at a certain rate, the low load region of the load-extension curves can be omitted and the breaking strengths of composites can be increased. They used this method with a 20% extension rate.
According to the present work, this suggestion is not suitable for every tightness of the fabric since the fixed amount of extension rate could be bigger than the maximum extension of tight fabrics. Apart from this, fabrics can be in one of the load-extension curves given in Figure 26 ; therefore, with a 20% extension (for example, if a fabric is in root 1 condition as in Figure 26c ), the low tension region will not be completely omitted. It is thought that, instead of using a certain extension rate, the certain amount of load applied on a loop should be more suitable to use.
In addition to the above argument that the wale-wise breaking strengths of the composites reinforced with the plain knitted fabrics and the milano rib fabrics are obtained to be higher than the other weft knitted structures in practice, it is interesting to see that the wale-wise extensions of plain-knitted fabrics and the milano rib fabrics start from their relaxed conditions given in Figures 26a, 26b and 26d as seen in Figure 19a, Figure 23a , and Figure 6 of the reference paper by Kurbak [11] .
 Lastly, the mechanical properties of fabrics are calculated by using their geometrical models nowadays (see refs. [22, 23] ). Before starting of these kinds of calculations, the initial loadextension properties of the subjected fabric should first be experimentally investigated. Otherwise, some discrepancies may occur between the theoretically calculated values and the measured experimental results. There is one exception: if a fabric has a special tightness at which the course and/or wale jamming has just started to occur, on this special tightness point, the m value becomes zero. For this special tightness point, theoretical calculations can be carried out without the need for the initial experimental results.
CONCLUSION
In this work, an experimental investigation on the initial loadextension and load-contraction properties of some complex weft knitted technical fabrics was carried out based on the work of Kurbak [11] in plain knitted glass fabrics. The work is summarized and the conclusion given below: a) Two types of yarn were used namely 136 tex E-glass and 168 tex aramid. Four different structures were chosen: 1x1 rib, milano rib, half cardigan, and full cardigan derivative. Two types of samples were prepared for the wale-wise direction and the course-wise direction. For the 1x1 rib, three tightness points were taken: the 6 cam setting, the 8 cam setting, and the 10 cam setting of the 7 gauge V-bed hand knitting machine. For the milano rib, the half cardigan, and full cardigan derivative, two tightness points were taken, the 8 cam setting and the 10 cam setting. Six samples for each experiment were prepared. A total of 216 samples were prepared.
Samples were adjusted so that the usable length (h) and width (b) were about 20x10 cm 2 plus enough length to hold them by a load-extension measuring apparatus.
One sample for each experimental point was used to measure the initial dimensional properties of the fabric: the loop length (l), the course-per-cm (cpc), and wales-per-cm (wpc).
The load-extension and load-contraction properties of the 20x10 cm 2 samples were then measured on a special apparatus (see Figure 4 ) using 5 level dead weights. The load levels were increased from zero to the maximum load of the first region. For every load level, the lengths (h) and the middle widths (b min ) of the samples were measured. Five samples for each experimental point were measured, and their averages were calculated. b) Regression analyses were carried out on the relation between the loads (T) and lengths (h) and also between the loads (T) and widths (b min ). Mostly quadratic curve fittings with higher correlation coefficients were obtained between the loadextension and the load-contraction results except that, for some, tight aramid fabrics linear regression equations could be applied to the experimental results with higher correlation coefficients.
c) For comparison purposes, the regression equations (Equations 6 and Table 5 ) are written in terms of the loop parameters cav, c min , w av , w min , T c and T w using Equations (21-22, 26-27).
d) The last obtained equations were then turned into the forms of equations as given in Equations (28-31) according to the assumption made about the separating method of the frictional restrains and/or fabric jamming forces from quadratic curve fittings. In the form of Equations (28-31) the m values were considered as the frictional restrains or/and fabric jamming forces for the unit structures of fabrics. e) For the first stages of extensions and contractions, Kurbak [11] gave some equations as Equations (32-35) to replace cmin and w min values with the c av and w av values by assuming that the side edges of the samples follow parabolic curves under loading conditions (see Figure 5a ). Equations (32-35) are applied to all the c min and w min values in the regression equations, and they are turned into the forms given in Equations (36-39). The parameters of all the obtained regression equations in the form of Equations (36-39) are given in Table 6 . It is seen in Table 6 that the m values are small enough to be considered as frictional restrains and/or fabric jamming forces. Therefore, the assumption made about the separating method of the m values from quadratic curve fittings is the reasonable one.
f) When all the parabolic curve fittings were examined, three kinds of situations were distinguished:
i) When parameter m is negative (in this case, when external load Tw or T c is equal to zero), the square root in Equations (53-56) become imaginary; therefore, no root is obtained. This situation was primarily obtained for tight fabrics.
ii) When parameter m is positive; there are two roots, root 1 and root 2. The fabric can be in each of the roots when the external load is equal to zero. These cases-the negative m case, the root 1 case, and the root 2 case-are also given in Table 6 as 0, 1, and 2 respectively. One more case is that when the linear regression equation is applied.
For the linear equation case, a "dash"(-) is used in Table  6 .
g) The first region (initial region) is the most geometrically uncertain region of the load-extension and load-contraction curves; thus, if one wants to obtain the mechanical properties of knitted fabrics by using their geometrical models, this region may create some problems. Therefore, the attempt was made to find out if some empirical equations can be given for this region that can be used in related engineering software. The empirical equations are given as in APPENDIX B. While obtaining the empirical equations, Poisson's ratios of the structures were also estimated. The estimated Poisson's ratios are reasonable since they reduce with the complexities of the fabrics, as they should be.
h) In Empirical Equations given in APPENDIX B, the parameters c0, w 0, and m values are taken from Table 6 . It is already known that the parameters c 0 and w 0 are related to the tightness l/d. It is attempted to obtain some relationship between the m parameters and the tightness l/d, as given in Figures 12-15 . It was thought that, to obtain the exact relations between the parameter m and the tightness l/d, some more tightness points should be taken from each fabric structure during the experiments.
i) Using Table 6 and the Empirical Equations in APPENDIX B, the load-extension rates and load-contraction rates are obtained through some equations which are similar to Equations (71, 85-88) for all the cases considered here. The results obtained were compared with the experimentally obtained extension and contraction rates as given in Figures  18-25 . Figures 18-25 show that the Empirical Equations in APPENDIX B correctly estimated the extension and contraction rates. Because only 5 load levels are taken for the first extension or contraction region in this work, for 7 points out of 70 points, however, the c0 or w 0 values were obtained, which are different from the given points in Table 6 . The new points are also written in brackets in Table 6 .
Finally, it can be concluded that three different parabolic curve fittings of the load-extension and load-contraction rates were obtained as given schematically in Figures 26a, 26b 
APPENDIX A
The experimentally obtained h and values with changing load levels T are given in Tables A1a and A1b for wale-wise loaded glass samples, in Table A2a and A2b for course-wise loaded glass samples, in Table A3a and A3b for wale-wise loaded aramid samples and in Table A4a and A4b for course-wise loaded aramid samples.
Example drawings of load-extension and load contraction curves for each table are also given in Figures A1a, A1b , A2a, A2b, A3a, A3b A4a and A4b. Figure A1 : Example drawings of load-extension and load-contraction results given in Table A1 ; a) load-extension, b) load-contraction.
SAYFA EK 2
Tekstil ve Mühendis (a) (b) Figure A2 : Example drawings of load-extension and load-contraction results given in Table A2 ; a) load-extension, b) load-contraction.
SAYFA EK 3
Tekstil ve Mühendis Figure A3 : Example drawings of load-extension and load-contraction results given in Table A3 ; a) load-extension, b) load-contraction.
SAYFA EK 4
Tekstil ve Mühendis Figure A4 : Example drawings of load-extension and load-contraction results given in Table A4 ; a) load-extension, b) load-contraction.
SAYFA EK 5
Tekstil ve Mühendis The following route and notations should be known in order to understand the calculations:
i) and values should be taken from Table 6 for related cases
ii) The linear relations between tightness points l/d and the parameter m of each fabric structure are assumed to occur as in Figures  12-15. iii) In the equations in the Appendix, notations as in Equations (77-84) are used. Evaluations of the right-hand side of Equations (77-84), in turn, should be made by using the related case equations given in Empirical Equations at APPENDIX B.
Example calculations are given below. ; 20 ( C 3 2 )
A) GLASS
